China raises 50% of the global live pigs. However, few studies on carbon footprint (CF) of large-scale pig production based on China's actual production conditions have been carried out. In this study, life cycle assessment (LCA) method and actual production data of a typical large-scale pig farm in Northern China were used to assess greenhouse gas (GHG) emissions or CF associated with the whole process of pig production, including feed production (crop planting, feed processing, and transportation), enteric fermentation, manure management and energy consumption. The results showed a CF of 3.39 kg CO2-eq per kg of live market pig, and relative contributions of 55%, 28%, 13%, and 4% to the total CF by feed production, manure management, farm energy consumption, and enteric fermentation, respectively. Crop planting accounted for 66% of the feed production CF, while feed processing and transportation accounted for the remaining 34%. Long-distance transport of semi-raw feed materials caused by planting-feeding separation and over-fertilization in feed crop planting were two main reasons for the largest contribution of GHG emissions from feed production for the total CF. CF from nitrogen fertilizer application accounted for 33%-44% of crop planting, and contributed to 16% of the total CF. CF from transportation of feed ingredients accounted for 17% of the total CF. If the amount of nitrogen fertilizer used for producing the main feed ingredients is reduced from 209 kg/hm2 (for corn) and 216 kg/hm2 (for wheat) to 140 kg/hm2 (corn) and 180 kg/hm2 (wheat), respectively, the total CF would be reduced by 7%. If transportation distance for feed materials decreased from 325-493 km to 30 km, along with reducing the number of empty vehicles for the transport, total CF would be reduced by 18%. The combined CF mitigation potential for over-fertilization and transportation distance is 26%. In addition, use of pit storage -anaerobic digestion -lagoon practice can reduce GHG emissions from manure management by 76% as compared to the traditional pit storage -lagoon manure treatment method. This case study reveals the impact of planting-feeding separation and overfertilization on CF of pig supply chain in China. Manure management practice of pit storage -anaerobic digestion -lagoon is much more conductive to reducing CF as compared to the traditional method of pit storage -lagoon.
of semi-raw feed materials caused by planting-feeding separation and over-fertilization in feed crop planting were two main 23 reasons for the largest contribution of GHG emissions from feed production for the total CF. CF from nitrogen fertilizer
China's food supply chain (Xu and Lan, 2016) . Therefore, scientific evaluation of carbon footprint (CF) for China's pig 40 production is important to the analysis of emission sources and policy-making on mitigation measures. Statistics (EUROSTAT) and data of the nitrogen excretion were taken from the GAINS database for EU (Lesschen et al., 50 2011; Weiss and Leip, 2012) . The parameters of ULICEES model were derived from the Canadian Department of Agriculture 51
Statistics data (Vergé et al., 2016) . The calculation process for SustainPork ® model was more detailed and based on 52 production parameters of the farm (Noya et al., 2016) . 53
Based on the above models and databases, CF assessment of pig production in different scales or addressing different 54 concerns has been carried out. Basset-Mens and Van der Werf (2005) and Kool et al. (2009) 
compared effects of organic and
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In this study, a large-scale pig farm in Northern China was selected as a typical case for the CF assessment. The aim of this 87 study was to quantify GHG emissions and relative contributions by each sector throughout the pig production chain and to 88 explore potential CF mitigating measures. Results of the study are expected to provide scientific data on CF baseline, 89 potetnial CF mitigating measures, and policy-making for pig production in China. 90
METHODS

91
In this study, LCA method was used to study a typical large-scale pig farm located in Hebei Province, China (37º-38ºN, 92 115º-116ºE). Annual average temperature at the pig farm location was 12.4℃ in 2015, the year this LCA study was based on. 93
The main breeds of the pigs were Landrace and Large White. The total on-farm swine inventory was 85,210; including 7,200 94 sows, 18,850 nursery pigs, and 59,160 fattening pigs. 95
Three types of GHG were assessed: CO2, CH4, N2O, with a respective 100-year horizon global warming potential of 1, 25, 96
(IPCC, 2007). 97
SYSTEM BOUNDARY 98
The accounting scope of GHG emissions ranged from feed production to farm gate in this study. The system boundary is 99 shown in Fig.1 , including feed production module and animal production module. The feed production module consisted of 100 fertilizer production and transportation, agricultural film and pesticide production, energy consumption for irrigation and 101 agricultural machinery, fertilizer application, and feed processing and transportation. The animal production module 102 consisted of enteric fermentation, manure management, and farm energy consumption. ); ‫ܨܧ‬ ୟ is emission factor for agricultural film production (kg CO2/kg); ‫ܲܣ‬ ሺௗ ,ሻ is amount of agricultural film application (kg/hm 2 ).
Pesticide---CO2
‫ܱܥ‬ ଶሺௗ,௦௧ሻ ൌ ܵ ൈ ‫ܨܧ‬ ௦௧ ൈ ‫ܲܣ‬ ሺௗ ,௦௧ሻ ‫ܱܥ‬ ଶሺௗ,௦௧ሻ is CO2 emissions from pesticide input (kg CO2); ‫ܨܧ‬ ௦௧ is emission factor for pesticide production (kg CO2/kg); ‫ܲܣ‬ ሺௗ ,௦௧ሻ is amount of pesticide application (kg/hm 2 ).
‫ܱܥ‬ ଶሺௗ,ሻ is CO2 emissions from irrigation (kg CO2); ‫ܨܧ‬ ௧ is emission factor for electricity (kg CO2/kwh); ‫ܲܣ‬ ሺௗ ,௧ሻ is amount of electricity used for irrigation (kwh/hm 2 ).
Farm machinery---CO2
‫ܱܥ‬ ଶሺௗ,ሻ is CO2 emissions from farm machinery (kg CO2); ܶ is annual consumption of feed (kg); ܻ is the yield of crop species/category i (kg/hm 2 ); ‫ܨܧ‬ ௗ௦ is emission factor of diesel (kg CO2/kg); ‫ܲܣ‬ ሺௗ ,ௗ௦ሻ is coefficient of fuel consumption for farm machinery (L/hm 2 ); ߩ ௗ௦ is diesel density (kg/L). is conversion of (CO2-C) emissions to CO2 emissions.
‫ܱܥ‬ ଶሺ,௧௦ሻ is CO2 emissions from transportation (kg CO2); ݃ ଵ is the fuel consumption rate of vehicle in full-load (t/kwh); ݃ is the fuel consumption rate of vehicle in no-load (t/kwh); ‫ݒ‬ ଵ is speed of vehicle in full-load (km/h); ‫ݒ‬ is speed of vehicle in no-load (km/h); ܸܵܲ is specific power of vehicle (kw/t); ‫ܮ‬ is transport distance (km); ݉ ௧ is carrying capacity of the transport vehicle (t); ‫ܯ‬ ௧ is the amount of fertilizer/feed (t).
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‫ܪܥ‬ ସሺ,௦ሻ is CH4 emissions from manure management (kg CH4); ‫ܧܩ‬ is gross energy intake (MJ/day); ‫ܦ‬ is digestibility of the feed (%); ‫ܧܷ‬ ‫ܧܩ‬ is urinary energy expressed as fraction of GE; ‫ܪܵܣ‬ is the ash content of manure; ‫ܤ‬ ைሺ்ሻ is maximum methane producing capacity for manure (m 3 CH4/kg VS); 0.67 is conversion factor of m 3 CH4 to kg CH4; ‫ܨܥܯ‬ ௌ,୩ is methane conversion factors for each manure management system S by climate region k (%); ‫ܵܯ‬ ሺ்,ௌ,ሻ is fraction of livestock category T manure handled using manure management system S in climate region k; ܵ is manure management system; 365 is basis for calculating annual volatile solids production.
IPCC (2006) 11. Manure management-N2O-direct
is direct N2O emissions from manure management (kg N2O/day); ‫ݔ݁ܰ‬ ሺ்ሻ is annual average N excretion per head of species/category T (kg N2O/head/year); ‫ܵܯ‬ ሺ்,ௌሻ is fraction of total annual nitrogen excretion for each livestock species/category T that is managed in manure management system S; ‫ܨܧ‬ ሺ௨,ே మ ை,ௌሻ is emission factor for direct N2O emissions from manure management system S (kg N2O-N/kg N excreted).
IPCC (2006) 12. Manure management-N2O-indirect (volatilization)
is indirect N2O emissions due to volatilization of N from manure management (kg N2O/day); ‫ܿܽݎܨ‬ ீ௦ெௌ is percent of managed manure nitrogen that volatilises as NH3 and NOx in the manure management system (%); ‫ܨܧ‬ ூேିீሺ௨,ே మ ை,ௌሻ is emission factor for N2O emissions from atmospheric deposition of nitrogen on soils and water surfaces (kg N2O-N/(kg NH3-N+ NOx-N volatilised)).
IPCC (2006) 13. Manure management-N2O-indirect (leach)
is indirect N2O emissions due to leaching and runoff from manure management (kg N2O/day); ‫ܿܽݎܨ‬ ିெௌ is percent of managed manure nitrogen losses due to runoff and leaching during solid and liquid storage of manure (%); ‫ܨܧ‬ ூேିሺ௨,ே మ ை,ௌሻ is emission factor for N2O emissions from nitrogen leaching and runoff (kg N2O-N/kg N leached and runoff).
IPCC (2006)
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DATA SOURCE 124
Following IPCC (2007) guidelines, when available, published data reflecting domestic production practices were used as 125 the parameters for GHG emissions calculation in this study. When not available, data according to expert recommendations or 126 through indirect calculation were used. The details are described below. 127
Production Data
128
In this study, data related to animal production in the CF calculation were obtained through on-site survey. The main herd 129 parameters of the pig farm are shown in Table 2 . 130 
Feed Production
132
The corn, soybean meal and wheat bran considered in this study were produced respectively in Jinzhong City, Shanxi 133
Province, Linyi City, Shandong Province and Shenzhou City, Hebei Province. 134
The required data for the GHG emission calculation were acquired according to the National Data Compilation of 135
Revenue and Cost of Agricultural Products (NDRC, 2016) by referring to and recalculating the statistical data of the 136 corresponding region and the corresponding year (Table 3) . 137
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11 Table 5 . 154 This
12
Manure management process of the farm made it a composite system due to different duration of manure storage. 
Transportation
160
When calculating GHG emissions from the transportation in this study, it was assumed that the transport vehicle has a 161 carrying capacity of 5 t, and that it travels at 60 km/h with no load and 45 km/h with full load. 162
Calculation of the CF for various components and the total supply chain were performed in Excel spreadsheet. 163
Energy comsumption
164
The type of energy used on the pig farm mainly included electricity and diesel fuel. The annual amount of electricity and 165 diesel consumption was, respectively, 9,671 MWh/yr and 18 t/yr. 166
RESULTS AND DISCUSSION
167
CF OF PIG PRODUCTION SYSTEM 168
The annual GHG emissions from the pig supply chain were estimated to be 53,225 t CO2-eq and the CF was 3.39 kg CO2-169 eq/kg LW. From a global perspective, CF per kg pork varies considerably, ranging from 2.3 to 8.7 kg CO2-eq due to 170 differences in system boundary, allocation method, functional unit, manure management, and so on ( Table 6 ). The French 171 good agricultural practice for pig production system was shown to have the smallest CF of 2.3 kg CO2-eq/kg LW (Basset-172
Mens and Van der Werf, 2005). In comparison, Noya et al. (2016) included GHG emissions from the slaughter and 173
processing stages as well as feed production and animal production, and made no distinction in GHG allocation between the 174 main and by-products of feed crop, which led to the largest CF of 6.09 kg CO2-eq/kg LW or an equivalent of 8.7 kg CO2-175 eq/kg CW (CW = carcass weight, LW to CW ratio = 0.
7). 176
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Although CF of pork could not be compared readily among different studies, we attempted to compare our study with 185 those that had similar assessment scope of CF (from feed production to farm gate) and converted the functional unit from CW 186 to LW with a CW to LW ratio of 0.7. CF observed in this study was close to the results of Luo et al. (2015) Table 6 ). The following factors may explain the differences in emission intensity 189 between this study and others. First, there are differences in emission sources for the same scope of feed production to farm 190 gate. This study included CH4 emissions from enteric fermentation during animal production, which was not considered in and Leip (2012) were 3.1 and 4.1 respectively, and the corresponding assessment values (3.6 kg CO2-eq/kg LW, 5.2 kg CO2-202 eq/kg LW) were larger than that of our study. Other parameters used in the calculation could also influence the results. For 203 instance, emission factor of electricity power in Northern China was 0.8843 kg CO2-eq/kwh, versus 0.92 kg CO2-eq/kwh 204 used in Luo et al. (2015) which was higher than the national average. In this particular case, use of 0.8843 kg CO2-eq/kwh vs. 205 0.92 kg CO2-eq/kwh led to a CF difference of 4%. 206
CONTRIBUTIONS AND POTENTIAL MITIGATION OF DIFFERENT STAGES 207
The results showed that the CF per kg of live market pig was 3.39 kg CO2-eq, and the contribution by feed production, 208 enteric fermentation, manure management and farm energy consumption to CF was 55%, 4%, 28% and 13%, respectively. 209
According to the documented studies, the contribution by feed production varied from 49% for North America (MacLeod et 210 al., 2013) to 83% for aggregated pig production system in Sichuan province, China (Luo et al., 2015) . Jianyi et al. (2015) 
16
Manure management is the second largest emission source next to feed production, accounting for 28% of the total CF. 213
The relative contribution of manure management varied from 12% to 41% in the documented studies. Luo et al. (2015) found 214 manure management contributed only 12% of the total GHG emissions from the system when assessing CF of pork supply 215 chain in Sichuan, China. Lesschen et al. (2011) found manure management contributing 41% to total CF when making 216 assessment of CF of EU-27 pork supply chain. 217
Feed Production
218
GHG emissions from feed production are mainly derived from feed crop planting， feed processing, and feed 219 transportation. The emissions from crop planting accounted for 66% of CF of feed production, whereas feed processing and 220 transportation shared the remaining 34%. 221
Feed Crop Planting 222
Because of different planting measures, the CF magnitude and compositions for different feed materials were also 223 different. CF of corn, soybean meal and wheat bran was 0.51, 0.12, 0.53 kg CO2-eq/kg, respectively. As shown by the data in 224 This manuscript is in press. It has been accepted for publication in Transactions of the ASABE. When the final, edited version is posted online this in-press version will be removed. Example citation: Authors. Year. Article title. Trans. ASABE (in press). DOI number. The DOI for this manuscript is https://doi.org/10.13031/trans.12805. It will remain the same after publication.
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It is an important way to reduce CF of crops by reducing nitrogen fertilizer application rationally based on crop nutrient 232 requirements (Jianyi et al., 2015; Ju et al., 2009) . In this study, the application amount of nitrogen fertilizer in corn and wheat 233 was 209 kg/hm 2 and 216 kg/hm 2 , respectively, which were significantly higher than the amount applied for corn in America 234 (152 kg N/hm 2 ) (Grassini and Cassman, 2012) . The Good Agricultural Practice for EU recommended the maximum N 235 fertilization rate for corn and wheat to be 75-180 kg/hm 2 and 80-210 kg/hm 2 , respectively (European Union Regulations, 236 2014). Assuming nitrogen fertilizer application of corn and wheat is reduced to the EU-recommended class II value of 140 237 kg/hm 2 for corn and 180 kg/hm 2 for wheat, GHG emissions from nitrogen fertilizer application of corn and wheat will be 238 reduced by 33% (7,652 t CO2-eq & 5,136 t CO2-eq) and 17% (1,141 t CO2-eq & 951 t CO2-eq), respectively. The proportion 239 of emissions from nitrogen fertilizer applied for corn and wheat in total emissions from crop planting will be decreased by 240 7% (from 44% to 37%) and 3% (from 33% to 30%), respectively. These reductions translate to 3,628 t CO2-eq lower annual 241 GHG emissions. Accordingly, the CF per kg of live market pig would fall from 3.39 kg CO2-eq to 3.16 kg CO2-eq, a 242 reduction of nearly 7%. 243
Feed Transportation 244
The feed transport distance directly affects CF of feed production and animal production system. In this study, emissions 245 from long-distance transport (300-500 km) of feed raw materials contributed 31% of the feed production or 17% of the total 246 CF because the corn and soybean meal involved are from other provinces. Pork CF assessment of household and aggregated 247 farms in Sichuan province, China showed that a feed transportation CF of 0.01 kg CO2-eq/kg LW (Luo et al., 2015) , which is 248 much lower than 0.57 kg CO2-eq/kg LW obtained in the our current study. Noya et al. (2016) found that feed transportation 249 accounted for 17% of total GHG emissions from feed production due to the large distances between growing areas of 250 ingredients and feed processing plants in Spanish pig production chain. A similar result (4%-17%) was reported for the 251
Portuguese pork supply chain (González-García et al., 2015) . 252
Shortening transport distance and reducing the number of no-load transport vehicles are other important ways to reduce 253 CF of pig production. In this case study, transport distance of corn and soybean meal between the feed origin and the swine 254 farm was 325 km and 495 km, respectively, and each round of feed raw materials transport involved empty vehicle to the 255 feed-origin area, resulting in an annual GHG emission of 9,989 t CO2-eq for feed transportation. If using one-way transport 256 distance of 325 km with full load for soybean meal and 495 km for corn (Fig. 3b) , the GHG emissions from feed 257 transportation will be reduced to 5,957 t CO2-eq. The resultant contribution to feed production of this emission source will beThis manuscript is in press. It has been accepted for publication in Transactions of the ASABE. When the final, edited version is posted online this in-press version will be removed. Example citation: Authors. Year. Article title. Trans. ASABE (in press). DOI number. The DOI for this manuscript is https://doi.org/10.13031/trans.12805. It will remain the same after publication.
18 transport distance of 30 km with load for corn and soybean meal (Fig. 3c) , the GHG emissions from feed transport will be 260 reduced to 921 t CO2-eq, and the relative contribution to feed production will be reduced to 4%. The corresponding CF of 261 pork will be reduced by 17% to 2.81 kg CO2-eq/kg LW. Finally, if using one-way load with transport distance of 30 km corn 262 for and soybean meal (Fig. 3d) , GHG emissions from feed transport will be reduced to 549 t CO2-eq, and the relative 263 contribution to feed production reduced to only 2% of CF. The overall CF will be reduced to 2.78 kg CO2-eq/kg LW, 18% 264 lower than the baseline scenario. Thus, obtaining feedstocks from regions within 30 km of the pig farm and avoiding empty 265 vehicles could reduce 9%-18% total CF of the pig supply chain. 266 
271
Manure Management
272
Manure management included three storage stages, i.e. in-house storage, outdoor storage, and manure application on the 273 farmland. Because GHG emissions from manure application during the stage of feed crop planting has already been included 274 in the CF calculation, to avoid double counting, emissions from manure application on farmland were not included. CF of the 275 manure management stage was 1.04 kg CO2-eq/kg LW, and CF for in-house emissions and outdoor manure treatment 276 accounted for 16% and 84% of the manure management CF, respectively (Fig. 4) . 277 
CH4
19
In-house Manure Management 280
Emissions from in-house manure included CH4 and N2O emissions from pig manure storage. GHG emitted from animal 281 house contributed only 4% of the total CF at 0.16 kg CO2-eq/kg LW (Fig. 4) . The main reason for the smaller value is the 282 short-time storage. The manure of sows and nursery pigs was collected in pit and stored for 5 days, whereas manure of 283 fattening pigs was collected and removed daily. 284 N2O emissions from manure management is closely related to Nex rate of the pigs. A low crude protein diet plays an 285 important role in reducing Nex of pigs and N-related gaseous emissions of manure management (Wang et al. 2017) . In this 286 study, the value of Nex used to calculate N2O emissions from manure management was based on the emission factors 287 published in China. Nex rate of fattening pig, nursery pig and sow was 33, 20 and 44 g N/head/day, respectively. Compared 288 with the default values of Nex in IPCC (29 g N/head/day for fattening pig, 11 g N/head/day for nursery pig, 51 g N/head/day 289 for sow), Nex coefficient of fattening pig and nursery pig in our study was, respectively, 12% and 45% higher, but 15% lower 290 for sows. Osada et al. (2011) and Ogino et al. (2013) showed if crude protein content in diet reduced to 85%, Nex would 291 reduce by more than 20%. Low-protein diets reduce the use of soy-based feedstuffs while slightly increasing usage of cereals 292 or synthetic amino acids. But GHG emissions from feed production show a downward trend. If the Nex rate of fattening and 293 nursery pigs in our study is reduced to the IPCC default value by reducing the dietary crude protein content, the proportion of 294 emissions related to Nex in manure management will be reduced by 15%. 295
Outdoor Manure Management 296
Emissions from outdoor manure storage contributed 24% of the total CF at 0.42 kg CO2-eq/kg LW for the anaerobic 297 digestion and 0.44 kg CO2-eq/kg LW for the lagoon (Fig. 4) . In this study, manures was collected firstly for using anaerobic 298 digestion to produce biogas and then CH4 was recovered and used for biogas generation. In order to explore mitigation 299 potentials for manure management, GHG emissions from the traditional manure treatment of pit storage -lagoon (baseline 300 scenario A) was compared with the manure management practices (scenario B) in this study (Table 7) . 301 Table 7 Comparison of GHG emissions (t CO2-eq/yr) from two types of manure management. Table 7 shows that GHG emissions from manure management stage of baseline scenario A totaled 45,918 t CO2-eq/yr.
